INTRODUCTION {#sec1-1}
============

Mineral trioxide aggregate (MTA) is an endodontic repair biomaterial. Despite the advantages such as biocompatibility, sealability, and hard-tissue forming capacity,\[[@ref1]\] some drawbacks are mentioned, including poor handling, long setting time,\[[@ref2]\] and high price. The physical/chemical properties of MTA are affected in different pH levels.\[[@ref3][@ref4]\]

Calcium-enriched mixture (CEM) has been developed with similar clinical indications as MTA but with different compositions.\[[@ref5]\] CEM is capable of forming hydroxyapatite in aqueous environments.\[[@ref6]\] In comparison with MTA, CEM offers the advantages of favorable handling, more clinician-friendly setting time, and reasonable price.\[[@ref5]\]

Physical characteristics of hydrophilic biocements can be affected by several factors such as powder/liquid ratio, method of mixing, pressure used for condensation, the type of storage media, the pH level of the environment, the time lapse between mixing and evaluation, thickness of the material, humidity, and temperature.\[[@ref1]\] Some studies showed increased compressive strength and surface microhardness of ultrasonically compacted MTA samples compared to hand-mixed samples,\[[@ref7][@ref8]\] while others found poorer physical properties due to incorporation of more air into MTA.\[[@ref9][@ref10]\]

Instead, hydroxyapatite precipitation on the surface of MTA is responsible for its physical/chemical reactions to the surrounding environment, in addition to its biologic properties.\[[@ref11][@ref12]\] Hydroxyapatite crystals can be best created in contact with physiologic solutions (i.e., simulated body fluid \[SBF\]/phosphate-buffered solution) by the reaction between calcium ions from MTA and phosphorus from the solutions.\[[@ref13]\]

Variations in the pH of the host tissues would adversely affect the properties of MTA; Lee *et al*. showed reduction in the hydration byproducts of MTA in acidic pH.\[[@ref14]\] In addition, a scanning electron microscopy (SEM) indicated more porosity and unhydrated structure at a pH level of 10.4.\[[@ref15]\] Furthermore, reduction in push out bond strength, sealability, and hardness has been reported at acidic or highly alkaline pH levels.\[[@ref4][@ref16][@ref17][@ref18]\] Most of the studies in this regard created the acidic/alkaline environments by utilizing buffered butyric acid or potassium hydroxide with the desired pH levels, respectively; not considering the effect of interstitial fluid as the buffering agent.

To date, few studies have been conducted regarding the effect of different pH values on the physical properties of ProRoot MTA and CEM. The purpose of this investigation was to compare the physical characteristics of these two endodontic biomaterials including setting time, surface microhardness, topographic and elemental level changes in contact with acidic, neutral, and alkaline solutions, using hand and ultrasonic condensation techniques, during different periods. The null hypothesis was that buffering acidic/alkaline solutions with SBF have an impact on the physical properties of the MTA and CEM cements.

SUBJECTS AND METHODS {#sec1-2}
====================

Sample preparation {#sec2-1}
------------------

White ProRoot MTA (Dentsply, Tulsa, OK, USA) and CEM cement (BioniqueDent, Tehran, Iran) were mixed with water at a ratio of 3:1 by weight and were packed into cylindrical Plexi glass molds. Half of the CEM sample was manually packed (*n* = 36) using a hand condenser (Hu-Friedy, Chicago, IL, USA) and the other half was condensed using an ultrasonic tip (*n* = 36) in a Suprasson P5 Booster unit (Satelec, ActeÓn Group, France) held lightly against the same hand condenser at each increment for 10 s. All the MTA samples were manually packed (*n* = 36) with the similarly sized hand condenser. All the fillings were flushed with the surface of the blocks.

Environmental preparation {#sec2-2}
-------------------------

To assure of obtaining exact pH values by buffering an acid and base with SBF, a pilot study was carried out. Then, the specimens were immersed in one of these solutions in separate glass vessels:

Neutral pH: 1-deionized water, 2-SBF; pH = 7.4.

Acidic pH: Butyric acid buffered by SBF; pH = 5.4.

Alkaline pH: Ca(OH)~2~ buffered by SBF; pH = 9.4.

Then, the vessels were transported to an incubator with 37°C temperature and 95% humidity.

Surface microhardness {#sec2-3}
---------------------

Glass molds (5 mm × 3 mm) were packed with cements (*n* = 72 for CEM cement, half manually and the other half ultrasonically condensed, and n = 36 for MTA, all manually condensed). The molds were immersed in the above-mentioned solutions. After 24 h and 28 days, the samples were slightly polished with sand papers with varying grit sizes (800-, 1500-, and 3000-grit) and gently cleaned and dried by air spray. The Vicker\'s test was performed for each sample using microhardness tester (HVS-1000, Taiwan) after fuchsine dye staining for obtaining more readable indentations. For each surface, a full load of 50 g for 10 s was applied 3 times with a square-based pyramid-shaped diamond indenter at three distant points. Resulting indentation was measured with a microscope (×40 magnification), and the average of the Vicker\'s hardness values was calculated for each specimen.

The data were analyzed; Shapiro-Wilk and Levene\'s tests were used for evaluating normal distribution and equality of error variances, respectively, and the Kruskal-Wallis, Mann-Whitney, and Wilcoxon tests were used to detect any significant difference among the groups. The level of significance was set at 0.05.

Scanning electron microscopy-energy dispersive X-ray analysis {#sec2-4}
-------------------------------------------------------------

The chemical composition and ultrastructure of the precipitate samples were studied using the SEM-energy dispersive X-ray (EDAX) after thin conductive coating of samples with gold. The chemical composition analysis was carried out at 15 kV and 100 μA of probe current. One sample from each cement, each of different periods and different solution was taken to be evaluated under SEM (Tescan, Czech Republic).

Setting time {#sec2-5}
------------

Evaluation of setting time was based on ISO6876:2002 criteria. The prepared materials were packed into 36 resin molds (24 for CEM, half manually and the other half ultrasonically condensed, and 12 for MTA, all manually condensed). For both cements, four groups each containing three specimens were prepared; pH of the each group was provided from sponges soaked in acidic, neutral (both SBF and deionized water), and alkaline solutions in close contact with the materials' surface. To record the initial setting time, a Gillmore apparatus (Taksaz-ideh, Tehran, Iran) was used with 100 g load on a flat-end indenter with a diameter of 2 mm, starting 30 min after initiation of mixing, with 5 min intervals until the indenter needle failed to make any indentation. One- and Two-way ANOVA, Tukey\'s SD, and *t*-test were used for statistical analysis at a significance level of 0.05. The dependent variable (setting time) was normally distributed as assessed by Shapiro-Wilk and Leven\'s tests.

RESULTS {#sec1-3}
=======

Surface microhardness {#sec2-6}
---------------------

Evaluation of hardness values of each separate group showed a significant difference among solutions. \[CEM/ultrasonically packed/24 h (*P* = 0.024); CEM/manually packed/24 h (*P* = 0.001); CEM/ultrasonically packed/28 days (*P* = 0.001); CEM/manually packed/28 days (*P* = 0.001); and MTA/24 h (*P* = 0.001); MTA/28 days (*P* = 0.06)\]. However, there was no significant difference among solutions while comparing the two materials at the same time interval (*P* \> 0.05).

After 28 days, there was an increase in the mean values of microhardness for all samples in all environments (*P* \> 0.05), except for manually/ultrasonically packed samples of CEM in acidic environment (*P* = 0.1).

Analyzing packing techniques, ultrasonication had the most impact on the hardness of CEM samples during the first 24 h (*P* = 0.016).

Comparing both manually packed cements at each evaluated time intervals, CEM samples showed the highest mean values of microhardness in alkaline solution (*P* = 0.2); however, MTA samples exhibited the highest values of hardness at deionized water (*P* = 0.1).

Among all the samples, the lowest and highest mean values of microhardness were related to 28-day manually packed samples of CEM cement, immersed in acidic solution (6.22 ± 1.99) and 28-day ultrasonically packed CEM samples, immersed in SBF (189.75 ± 56.72), respectively \[[Figure 1](#F1){ref-type="fig"}\].

![Surface microhardness of calcium-enriched mixture and mineral trioxide aggregate samples; (a) ultrasonically packed calcium-enriched mixture, (b) manually packed calcium-enriched mixture, and (c) mineral trioxide aggregate](JCD-19-212-g001){#F1}

Scanning electron microscopy-energy dispersive X-ray analysis {#sec2-7}
-------------------------------------------------------------

Scanning electron micrographs of CEM and MTA are shown in Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}; EDAX spectra of CEM cement and MTA are shown in Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}, respectively.

![Scanning electron micrographs of calcium-enriched mixture cement, hydrated after 24 h and 28 days, in alkaline, simulated body fluid, deionized water, and acidic solutions](JCD-19-212-g002){#F2}

![Scanning electron micrographs of mineral trioxide aggregate cement, hydrated after 24 h and 28 days in alkaline, simulated body fluid, deionized water, and acidic solutions](JCD-19-212-g003){#F3}

![Energy dispersive X-ray spectra of calcium-enriched mixture cement hydrated after 24 h and 28 days in alkaline, simulated body fluid, deionized water, and acidic solutions](JCD-19-212-g004){#F4}

![Energy dispersive X-ray spectra of mineral trioxide aggregate cement hydrated after 24 h and 28 days in alkaline, simulated body fluid, deionized water, and acidic solutions](JCD-19-212-g005){#F5}

### Calcium-enriched mixture cement, alkaline solution {#sec3-1}

In samples kept in alkaline solution for 24 h, the crystals are spherical and polygonal, gathered together in some places. After 28 days, clusters of polygonal flower-shaped crystals, being dispersed among other polygonal and cubic-shaped ones along with concentric prismatic precipitates are seen in a relatively homogeneous surface. It seems that with passage of time, the particles acquire a more distinct shape.

### Calcium-enriched mixture cement, simulated body fluid {#sec3-2}

Samples immersed in SBF for 24 h exhibited scattered acicular precipitates that are thicker and more concentric in some places accompanying smaller amounts of spherical-, polygonal-, and cauliflower-shaped crystals. At day 28, numerous tiny spherical crystals with few numbers of bigger-layered polygonal precipitates among them could be detected. In higher magnification, it seems that some globular precipitates are gatherings of thinner sheet-like crystals wrapped together to form a flower.

### Calcium-enriched mixture cement, deionized water {#sec3-3}

Twenty-four-hour samples showed large stratified cubic crystals accompanied by few small spherical particles. Twenty-eight-day samples revealed prismatic acicular crystals interlocked with each other at a constant angle and direction, besides globular clusters of polygonal crystals in the shape of a solid flower, and some stratified angular particles were detected.

### Calcium-enriched mixture cement, acidic solution {#sec3-4}

Twenty-four-hour samples showed small spherical crystals dispersed throughout the surface, while after 28 days, the particles grew more in length and were tortuous. Moreover, larger polygonal crystals with rounded angles could be detected \[[Figure 2](#F2){ref-type="fig"}\]. EDAX analysis showed that in acidic pH, a great reduction in Ca and increase in P, Si, S, and Na levels took place after 28 days.

### Mineral trioxide aggregate, alkaline solution {#sec3-5}

Samples of 24 h showed many globular clusters of acicular crystals that together created a view of a coral. Some spherical crystals were scattered throughout the surface. After 28 days, these particles seemed to grow in size regularly, and created concentric prismatic crystals in the shape of cauliflowers, indicating ettringite because of the presence of Ca, Al, and Si.

### Mineral trioxide aggregate, simulated body fluid {#sec3-6}

In 24-h SBF specimen, tiny spherical and much larger polygonal crystals with more concentration at some places could be seen. After 28 days, these particles gathered and regulated to exhibit small and large stratified precipitates and concentric polygonal crystals in the shape of a flower.

### Mineral trioxide aggregate, deionized water {#sec3-7}

After 24 h, bundles of small and big polygonal crystals were detected. Twenty-eight-day samples revealed very large stratified polygonal- and cubic-shaped crystals, mainly composed of O, C, and Ca, characteristic of calcium hydroxide precipitates.

### Mineral trioxide aggregate, acidic solution {#sec3-8}

Samples of 24 h indicated some collections of small and big crystals with rounded edges. Besides, few acicular crystals as the shape of a coral could be seen sporadically; while 28-day specimen was characterized by few thick needle-shaped crystals scattered among polygonal ones \[[Figure 3](#F3){ref-type="fig"}\]. EDAX analysis showed that in acidic pH, a great reduction in Ca and increase in Si, Al, Na, O, and S occurred after 28 days.

Setting time {#sec2-8}
------------

The mean values of initial setting time of MTA samples were statistically higher than CEM samples (*P* = 0.001). The mean values of initial setting time of both cements were significantly higher in acidic pH compared to other three groups (deionized water, *P* = 0.024; SBF, *P* = 0.004; alkaline, *P* = 0.001) \[[Figure 6](#F6){ref-type="fig"}\].

![Setting time of mineral trioxide aggregate and calcium-enriched mixture cements](JCD-19-212-g006){#F6}

DISCUSSION {#sec1-4}
==========

This investigation was among the rare ones comprehensively evaluating the impact of all the four environments, namely acidic, alkaline, deionized water, and SBF on the physical characteristics of MTA and CEM cement, using hand/ultrasonic condensation techniques, during different periods. The null hypothesis of this study was confirmed in the sense that surface microhardness, setting time, and elemental and topographic properties of MTA and CEM were influenced by solutions different in pH over time. Microhardness values for all samples in all environments increased, although manually/ultrasonically packed samples of CEM in acidic environment were exception. The initial setting time of MTA was statistically higher than CEM. Moreover, the initial setting time of both cements was significantly higher in acidic pH compared to other groups.

As physical behavior of biomaterials could be a result of changes in the chemical aspect of the material, EDAX was conducted in this study to associate the findings related to physical aspects. However, a drawback to this method would be introducing the formed crystals as separate elements rather than the exact compound structures. Microanalysis revealed that Ca/S/Si/P were the major elements of CEM, with phosphorus being the main compartment, whereas the amount of latter element is very low in MTA,\[[@ref5]\] which is consistent with EDAX results of the present study. Another difference is the existence of Bi in MTA, contrary to CEM.

Immersion of the cements in different environmental fluids results in chemically/morphologically different precipitates in the surface and variation in nucleation rates.\[[@ref12][@ref19]\] In case of infection or calcium hydroxide therapy, the pH of the solution surrounding the MTA/CEM can be changed.\[[@ref17][@ref20]\] To best mimic the clinical conditions in the present study, in one hand, all the samples were totally immersed in the solutions in contrast to the previous studies using moistened gauzes; on the other hand, the acidic/alkaline solutions were buffered with the SBF. Moreover, we used calcium hydroxide for better stimulating the alkaline medium present in the real situations of multiple-session treated teeth.

Although the micrographs of SEM analysis are obtained from the topography of the surface of the material, they could be an index of the hydration process taking place at deeper layers. In contrast to the previous studies, spindle-shaped crystals, indicating ettringite, were observed in MTA samples exposed to acidic pH.\[[@ref3]\] This can be attributed to the more clinical similarity of the solution we used in this study that was butyric acid buffered with SBF. A noteworthy difference between MTA and CEM exposed to deionized water was the presence of crystals other than cubic-shaped ones (calcium hydroxide) in CEM specimen, indicating hydroxyapatite.\[[@ref19]\] This finding is due to the existence of endogenous phosphorous apart from the exogenous element being provided from the surrounding solutions which resulted in better hydration of the material and obtaining more surface hardness values in comparison with MTA, and with the passage of time. We detected more hydroxyapatite and globular crystals on the surface of the CEM treated in alkaline and SBF solutions; which can be indicative of more similarity of surface composition of CEM to the surrounding dentin.\[[@ref6]\]

Better hydration could greatly enhance the microhardness of the cement and its setting process. There are two universal tests for measuring the surface hardness of the materials, including Knoop and Vickers tests, with the latter being the more popular one for biomaterials.\[[@ref21]\] In the present study, a rise in microhardness values of CEM/MTA samples was seen after 28 days, except for acidic group in CEM. It can be justified that the strength of the material bulk increases with the passage of time due to the balance between expansive cracking and self-healing, which takes place inside the material. Curing in water elicits early formation of ettringite, prismatic acicular precipitates, which act as interlocking particles in the mass of the cement and subsequently enhances the strength.\[[@ref22][@ref23]\] During the hydration process, calcified byproducts dissolve gradually. Ettringite dissolution occurs in a faster rate at lower pH.\[[@ref24]\] EDAX results of both CEM/MTA samples hydrated at acidic environment showed great reduction in Ca and an increase in the level of Si with the passage of time. With taking all these into consideration, it can be assumed that acidic environment can be detrimental to the hardness of tricalcium silicate cements, which is in accordance with the results of the previous studies.\[[@ref3][@ref14]\]

The progress of a cement setting could dictate the hydration rate.\[[@ref25]\] Two common methods for evaluating the setting time of calcium-silicate cements are Vicat and Gillmore, either of which are in accordance with the specific standards. Gillmore apparatus was used in this study to record the initial setting time of the materials based on ISO6876:2002. The setting time of CEM was reported to be lower than MTA in our study, consistent with the previous studies,\[[@ref5]\] which can be attributed to the smaller particle size of the CEM, enhancing the surface area of the powder in contact with water. This can be advantageous in clinical conditions due to the less possibility of washout/dislodgement after placement of the material.\[[@ref25]\] The setting time of CEM decreased even more by ultrasonication in samples exposed to acidic/alkaline environment and deionized water, which supports its aid in better hydration process. This is true, especially in acidic environment that was shown to have an adverse effect on hydration of the tricalcium-based cements.\[[@ref3]\] Maximum compaction obtained through ultrasonication could lead to less porosity and omit the macroscopic voids of the material, thus helping the improvement of the structure of the material.\[[@ref8]\]

CONCLUSION {#sec1-5}
==========

With the limitation of this *in vitro* study, surface topography and elemental constituents of MTA and CEM cement were altered in different acidic/neutral/alkaline solutions. Setting times of MTA were statistically higher than CEM. While neutral and alkaline solutions may enhance biologic properties of the biomaterials, acidic solution negatively influenced them.
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